The excited-state intramolecular proton-transfer dynamics and photoabsorption associated with the ketoenolic tautomerization reaction in 2-(2'-hydroxyphenyl)- 
I. INTRODUCTION
Excited-state intramolecular proton-transfer (ESIPT) reactions are important for a wide range of systems in biological processes 1-3 and technological developments, 4 such as photostabilizers 5 and UV filter materials. 6 These are usually ultrafast reactions in excited electronic states that require detailed investigations based on state-of-the-art spectroscopic and computational methods. This paper reports for the first time full-dimensional quantum dynamics simulations of the ESIPT associated with the enol-keto tautomerization reaction in 2-(2'-hydroxyphenyl)benzothiazole (HBT) (see Fig. 1 ). The simulations are based on the recently developed matching-pursuit/split-operator-Fourier-transform (MP/SOFT) method, 7-11 applied in conjunction with an ab initio reaction surface Hamiltonian.
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In recent years, there has been significant interest in studies of organic molecules exhibiting photoinduced ESIPT in keto-enolic tautomerization reactions, including experimental [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and theoretical 12, 13, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] work. In particular, the ultrafast ESIPT reaction of HBT has been investigated by several experimental studies based on pump-probe techniques.
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The reaction is described by the four step photophysical scheme depicted in Fig. 1 . The enol to keto transformation takes place in the S 1 excited electronic state, after ultraviolet photoexcitation of the ground state enol form. The keto form relaxes to the ground state by fluorescence emission, and the enol form is recovered spontaneously by reverse proton transfer, completing the cycle. Along the proton transfer process, distinctive transient IR absorptions and fluorescence emission with large Stokes shifts can be observed as direct evidence of proton transfer and formation of the keto form, including C=O stretching vibrations characteristic of the keto tautomer. [17] [18] [19] [20] [21] [22] [23] [24] Like many other intramolecular proton transfer troscopy monitored the fingerprint bands, after photoexcitation with the UV pump tuned between 310 and 350 nm. 22, 23 The IR absorption at 1530 cm −1 was assigned to the carbonyl stretching mode, significantly red-shifted due to intramolecular hydrogen-bonding and coupling to the larger conjugated π-electronic system. These experimental studies concluded that the formation of the keto-state was characterized by the rise of the carbonyl stretching band, within about 50 fs after UV excitation of the enol tautomer. These results suggested that the ESIPT reaction could not be explained in terms of a simple OH stretching motion since the (50 fs) time scale is much slower than the ( 4 fs) half-period of the OH stretching 22, 23 A tentative explanation based on the coherent effects of anharmonic coupling to low frequency (60 and 120 cm −1 ) modes suggested that the ESIPT could be coupled to outof-plane deformation by nonradiative processes within the excited enol state. 22, 23 However, the detailed nature of the underlying relaxation process could not be extracted from cursory examination of the experimental data. 22, 23 In this paper, we simulate the enol to keto transfer dynamics on the S 1 excited state potential energy surface (PES) according to a rigorous time-dependent wave packet propagation method, and we show that the reported reaction time scales are consistent with experimental data. The proton motion is analyzed as correlated with the rearrangement of electronic charge density in an effort to characterize the net transfer a hydrogen atom (i.e., ESIHT), 18, 19 as resulting from ESIPT coupled to photoinduced electron transfer.
Theoretical studies of ESIPT reactions in polyatomic molecules are particularly challenging since the proton quantum motion is often coupled to the reorganization of lower frequency vibrational modes. [12] [13] [14] [15] A rigorous first principle description of reaction dynamics requires first computing the ab initio PES's and then solving accurately the equations of motion on these surfaces by explicitly integrating the time-dependent Schrödinger equation.
In recent years, there has been significant progress in the development and application of computational methods for quantum dynamical processes, The ab initio S 1 PES of HBT has been constructed by using the reaction surface approach, 16 as implemented in earlier studies of ESIPT. [12] [13] [14] [15] The reaction coordinates r 1 and r 2 were identified as the normal modes with predominant components along the OH stretching mode and the CCC internal bending mode (120 cm −1 ) that modulates the distance between the proton donor and acceptor moieties. The other 67 vibrational modes were described as locally harmonic oscillators with ab initio force constants F(r 1 , r 2 ) and equilibrium positions z 0 (r 1 , r 2 ) parameterized by the reaction coordinates r 1 and r 2 . The resulting 69-dimensional potential energy surface is
where V 0 (r 1 , r 2 ) is the reaction surface obtained by fully optimizing the geometry of the system with respect to all nuclear coordinates, subject to the constraints of fixed values of r 1 and r 2 (see Fig. 2 ). The equilibrium coordinates z 0 (r 1 , r 2 ) of the bath modes are the normal mode displacements relative to the reference ground-state minimum energy configuration.
All excited state minimum energy structures were obtained at the CIS/6-31G* level of theory, as implemented in Gaussian 03.
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The comparative analysis of the V 0 (r 1 , r 2 ) PESs for the S 0 and S 1 states (see Fig. 2) shows that the HT energy barriers in the S 1 state are significantly lower than in the S 0 . In addition, the minimum energy configuration of HBT in the enol-S 1 state is shifted relative to the initial equilibrium position in the S 0 state. Therefore, the vertical transition due to ultraviolet photoexcitation leaves the wavepacket in the S 1 in a configuration that is displaced relative to the S 1 equilibrium geometry. The ensuing coherent vibrations exchange energy with the OH coordinate, modulating hydrogen transfer each time the proton donor hydroxyphenyl and exceptor benzothiazole moieties are brought closer together.
B. MP/SOFT method
A thorough description of the MP/SOFT method can be found in previous work. [7] [8] [9] [10] [11] Here,
we present only give a brief outline of the method with emphasis on how to implemented it to simulate the ESIPT in HBT.
The initial nuclear wavepacket |Ψ 0 = ε 0 ·μ|Φ 0 in the S 1 electronic state is modeled as obtained by ultraviolet photoexcitation of UBT initially prepared in the ground vibrational state of the S 0 electronic state, withĤ|Φ 0 = E 0 |Φ 0 . Under the Frank-Condon principle (i.e., with the electronic transition dipole moment S 1 |μ|S 0 assumed to be independent of the nuclear coordinates) |Ψ 0 cab be modeled by the harmonic approximation:
where α j = ω j m j , with m j the reduced mass and ω j the frequency of the normal mode j, obtained from the ab initio B3LYP/6-31G* normal mode analysis.
The time-evolved wave packet is calculated by recursively applying the short-time approximation to the time-evolution operator as defined by the Trotter expansion to the second order accuracy:
Here, τ is a short propagation time-period for the evolution of the system as described by the HamiltonianĤ =p 2 /(2m) + V (x). To keep the notation as simple as possible, all expressions are written in mass-weighted coordinates x = (r 1 , r 2 , z) and atomic units, so that all degrees of freedom have the same mass m and = 1.
To implement the Trotter expansion, we first represent the state | Ψ t ≡ e −iV (x)τ |Ψ t as a matching pursuit coherent state expansion,
where the expansion coefficients c j are defined as follows: c 1 ≡ 1| Ψ t and c j ≡ j| Ψ t − j−1 k=1 c k j|k , for j = 2-n. The basis functions x|j are 69-dimensional coherent-states,
with complex-valued coordinates
and scaling parameters
Once the coherent state expansion of | Ψ t is obtained, the time-evolved wavepacket |Ψ t+τ can be computed by applying the product of operators e −iV (x)τ e −ip 2 2m τ , introduced by Eq. (2.3), as follows:
Further propagation of the resulting coherent state expansion, introduced by Eq. (2.6), is analogously performed. Therefore, the underlying computational task necessary for quantum dynamics propagation is reduced to the recursive generation of matching pursuit coherent state expansions as defined by Eq. (2.4).
Matching pursuit expansions are obtained by successive orthogonal projections of the target state onto coherent states components. The first coherent state is selected by locally optimizing the position, width, and momentum parameters of a coherent state |1 that maximizes the overlap with the target wave function || 1| Ψ t || as follows:
where c 1 ≡ 1| Ψ t . With this definition of c 1 , the residue |e 1 is orthogonal to | Ψ t . Therefore,
Following the same procedure, we select the next coherent state |2 of the expansion as the one that best resembles the residue,
where c 2 ≡ 2|e 1 and ||e 1 || > ||e 2 ||. The sequential orthogonal projections are applied n times until the norm of the residue ||e n || is smaller than the desired accuracy :
The resulting expansion is
(2.12)
The computational bottleneck of the MP/SOFT method involves the calculations of the overlap matrix elements j|e −iV (x)τ |k . For the S 1 PES of HBT, the partial integration with respect to the 67 harmonic modes z is performed analytically, while the integration with respect to the reaction coordinates r 1 and r 2 is efficiently performed according to numerical quadrature techniques.
III. RESULTS
The results are presented in three subsections. First, Sec. 3 A presents the photoabsorption spectrum calculated by MP/SOFT simulations of the enol-keto tautomerization reaction, as resulting from ultraviolet photoexcitation of the enol tautomer to the S 1 electronic excited state and the subsequent ultrafast ESIPT. Second, Sec. 3 B presents the results of MP/SOFT calculations of the time-dependent keto-S 1 population, as determined by ESIPT coupled to the motion of the remaining degrees of freedom in the system. Finally, Sec. IV discusses the computational results as compared to experimental data.
A. Photoabsorption
The photoabsorption linewidth I 0 (ω) at 0 K is computed as the Fourier transform of the
where ω = 2πc/λ E 0 is the initial energy of the system in the S 0 state and T 2 = 40 fs is a phenomenological dephasing constant that reproduces the inhomogeneous broadening of the spectrum of HBT in solutions. 18 The time-evolved wave function |Ψ t is obtained by B. Product population and decoherence Figure 4 shows the time-dependent population P k (t) = T r[h(r 1 )ρ t (r 1 )] of the keto product (red line) formed upon ultraviolet excitation of the enol tautomer. Here, ρ t (r 1 ) = dz dr 2 Ψ t (r 1 , r 2 , z)Ψ * t (r 1 , r 2 , z) is the reduced probability density associated with the proton position r 1 , computed by squaring the 69-dimensional wave packet and integrating out the remaining degrees of freedom, including r 2 and z. The Heaviside step function h(x) is defined as 1(0) on the product(reactant) side of the dividing transition-state surface separating the keto and enol configurations. The implementation of the TDSCF method is similar to our previous study of ESIPT in HPO, 14 and involves a single-configuration Hartree ansatz,
where η(t) is an overall phase factor and R = (r 1 , r 2 ) represents the reaction coordinates, 
and
where φ t (z) is approximated by the Gaussian wave-packet,
Here, {z j (t),p j (t)} are classical coordinates and momenta evolving according to the effective potential energy surface V e (z; t) = χ t |Ĥ|χ t . These trajectories, as well as the classical action S(t), are computed by numerically integrating Hamilton's equations according to the Velocity-Verlet algorithm. Steady state calculations indicate that the transition state is about 3.6 eV above the ground enol-S 0 state. According to the absorption spectrum, shown in Fig. (3) , only a small fraction of the population determined by the initial wave packet has energy above the transition state. Therefore, the overall initial reaction rate is determined by tunneling The detailed vibrational analysis, however, is beyond the scope of the current publication and will be presented elsewhere.
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To further analyze the interaction between the hydrogen motion as coupled to the other vibrational modes, we have calculated the trace of the square of the reduced density matrix Figure 4 shows the Tr[ρ 2 (t)], dropping to about 50% in just 30 fs, coincident with the quick increase of the keto population, and then, slowly decaying to 30% with small oscillations. Figure 4 clearly demonstrates that the proton transfer dynamics is strongly influenced by the coupling between the OH stretching motion and the other vibrational modes. At the very beginning, the OH stretching mode dissipates energy to the other modes, slowing down the reaction, but at later times proton transfer is induced by energy transfer from the other coordinates. Figure 5 shows the evolution of the nuclear wavepacket during the first 500 fs of dynamics as represented by the total probability density in the xy plane of the molecule in the standard orientation:
Such a representation is particularly insightful since the equilibrium configuration of the initial state is in the xy plane and the molecule remains mostly planar during the ESIPT reaction, except for small-amplitude OH wagging out-of-the plane fluctuations (see Fig. 6 ).
Note that the contour plots of the probability density have peaks in Fig. 5 that can be easily assigned to the identities of the atoms, according to Fig. 1 . In particular, the motion of the H atom transferring from the hydroxyphenyl to the benzothiazole moiety is clearly shown in terms of a bimodal distribution of enol and keto configurations with small amplitude motions for the remaining atoms in the HBT molecule. Figure 7 shows the evolution of the distribution of electron density for the average geometry of HBT in the S 1 state, during the first 800 fs of ESIPT dynamics after photoexcitation of the enol tautomer. Blue and gray isosurfaces represent respectively an increase and decrease of electronic density relative to the distribution of electronic charge at t=0 after photoexcitation. Note the decrease of electronic density in the OH bond, even at the very early time after photoexcitation of the system, and the redistribution of charge that decreases the OH bond order, forming the proton, and building up electronic density in the sp 2 orbital of the N atom. These changes suggest that the net hydrogen transfer results from an initial photoinduced electron transfer through the conjugated system linking the hydroxyphenyl and benzothiazole moieties, followed by ESIPT. Note that the average position of the proton quickly stretches out in about 50 fs and continues evolving for several hundreds of femtoseconds as vibrational energy redistribution equilibrates the ratio of enol and keto populations.
IV. CONCLUSIONS
In this paper we have investigated the ultrafast ESIPT reaction associated with keto-enolic tautomerization reaction of HBT, using a full quantum dynamics method implemented in t=500 fs t=500 fs t=800 fs t=800 fs t=200 fs t=200 fs t=100 fs t=100 fs t=50 fs t=50 fs t=0 fs t=0 fs
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